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Exciting new data reveal the basis of highly efficient DNA
base-excision repair (BER) in three dimensions. Exoge-
nous and endogenous mutagenic agents and processes
incessantly attack the genomes of all living things [1].
DNA bases damaged by these factors may be cytotoxic
and/or miscoding, and are thought to be a major source of
intermediates in carcinogenesis [2]. The enzymes of the
BER pathway counteract many of these genotoxic insults
by recognizing and replacing more types of DNA damage
than any other cellular repair system. The importance of
this critical pathway to life is underscored by recent bio-
chemical and crystallographic advances that define funda-
mental structure-function relationships of these BER
enzymes, and provide the foundation to ultimately deci-
pher their interplay, including their participation in the
‘repairosome’, a putative BER multiprotein complex.
Five enzymatic activities are required for functional BER
[1]. Humans and other mammals possess these activities
distributed among four enzymes [3,4]. Removal of the cor-
rupted base by damage-specific DNA glycosylases initiates
BER. These key enzymes hydrolyze the N–C1¢ glycosylic
bond between the aberrant target base and deoxyribose,
releasing a free damaged base and leaving an apurinic/
apyrimidinic (AP) site in the DNA. AP sites are themselves
highly cytotoxic and mutagenic, and must be processed by
5¢ -AP endonuclease which cleaves the sugar–phosphate
backbone 5¢ to the damage site, leaving a free 3¢ -hydroxyl.
The 5¢ -deoxyribophosphodiesterase activity of DNA poly-
merase b (polb ) removes the sugar–phosphate, creating a
gap in the DNA [5]. Polb fills this gap, and either DNA
ligase I or III seals the nick finishing the repair.
The structural biology of this essential pathway has
yielded unexpected insights into not only DNA repair, but
enzyme–DNA interactions in general. During the past two
years, the atomic-resolution structure of at least one repre-
sentative from each class of BER enzymes has been deter-
mined. Two of these structures, those of uracil-DNA
glycosylase [6] and polb [7], include the enzyme with its
substrate DNA. Parallel biochemical studies reveal
protein–protein interactions between the BER enzymes
[8–10], and the presence of a second BER pathway [11].
Here we present a brief overview of the information
gained from these new BER enzyme structures, integrate
these structural insights with new biochemical data, and
frame a current portrait of BER very different from just
two years ago [12].
DNA glycosylases
As the key initiators of the BER pathway, DNA glycosy-
lases are responsible for detecting and specifically recog-
nizing distinct forms of DNA damage [2,13]. These highly
efficient enzymes recognize and remove a broad range of
damaged and inappropriate bases by hydrolysis of the gly-
cosyl bond [2]. DNA glycosylases fall into two categories:
pure glycosylases and AP lyase/glycosylases. The pure gly-
cosylases leave an abasic site in the DNA, whereas the AP
lyase/glycosylases leave an AP site with a 3¢ nick.
The crystal structures of two pure glycosylases, uracil-
DNA glycosylase (UDG) and 3-methyladenine glycosylase
II (AlkA), and one AP lyase/glycosylase, endonuclease III
(EndoIII), have recently been determined. These few
structures reveal volumes about the way in which these
ancient enzymes perform their tasks. Flipping of the
damaged nucleotide out of the DNA base stack is
employed by UDG, and is implicated in the activity of
EndoIII and AlkA. In addition, these latter two structures
have revealed the existence of an EndoIII helix-hairpin-
helix (HhH) superfamily of glycosylases. The catalytic
mechanisms of the pure glycosylases and AP lyase/glycosy-
lases are related, but distinct. Each of these conclusions
has come from a multidisciplinary effort combining elegant
biochemistry with topical, directed structural studies.
Uracil-DNA glycosylase complexed with substrate DNA
UDG was the first glycosylase to be discovered and studied
[14]. Biochemical [2] and structural [15,16] character-
ization indicate UDG is a pure glycosylase whose activity
requires the presence of an extrahelical uracil. The
recently determined structure of a double-mutant human
UDG in complex with DNA reveals insights into the
enzyme’s structural and catalytic mechanism [6]. The
double-mutant UDG–DNA structure is a trapped enzyme–
product complex: a free uracil base and an extrahelical,
flipped-out abasic sugar are bound in the enzyme active site
(Figure 1a). The structure shows an elegant and efficient
mode of damaged base recognition and catalysis with
double-stranded DNA. UDG orients itself along DNA
through electrostatic interactions, inserts a sidechain into
the DNA, ‘pushing’ the uracil out of the base stack and into
the complementary active-site pocket where highly con-
served residues ‘pull’ the uracil into place. Conserved
residues line the active site and DNA interface, and plainly
map out these important regions of the enzyme (Figure 1b).
All of the uracil polar atoms are involved in specific inter-
actions with protein atoms. These interactions preclude the
productive binding of cytosine, while binding of thymine
and other 5-substituted pyrimidines is blocked by the close
approach of a tyrosine to the uracil C5 position. Muta-
genesis of these specificity-conferring residues has created
thymine and cytosine DNA glycosylases [17]. Once the
base is in the pocket, small enzyme loop movements bring
the catalytic residues into their active conformation. An
absolutely conserved aspartate residue activates a water
molecule which acts as a nucleophile in attacking the C1¢
atom of the deoxyribose, cleaving the glycosylic bond and
leaving an abasic site in the DNA.
Helix-hairpin-helix glycosylase superfamily
The structure of EndoIII is representative of not only a
conserved family of AP lyase/glycosylases that recognize
and remove oxidatively damaged pyrimidines from DNA
[18], but has proven to be common to an entire superfamily
of DNA repair glycosylases and AP lyase/glycosylases
[19,20] which recognize a remarkably diverse repertoire of
damaged DNA bases. The EndoIII fold is elongated and
bilobal with a deep groove separating two a -helical
domains (Figure 2a). A helix-hairpin-helix (HhH) motif,
with consensus sequence Leu-Pro-Gly-Val-Gly-X-Lys, is
positioned near the cleft between the two domains, and is
the most conserved characteristic of the enzyme super-
family [19,20]. In fact, the HhH motif has been identified
in at least 13 other families of nonsequence-specific DNA
interacting proteins [21]. The latest structure to be solved
from the HhH glycosylase superfamily is that of the
Escherichia coli DNA glycosylase AlkA.
AlkA
AlkA removes 3-methyladenine, 7-methylguanine, and
several other aberrantly methylated bases. Each of these
substrates is positively charged, making their p -surfaces
electron deficient [22]. The recently solved crystal struc-
tures of AlkA reveal a compact three-domain protein
[22,23] with two domains strikingly similar to EndoIII
(Figure 2b). The N-terminal domain is a mixed a – b
structure formed by a five-stranded antiparallel b sheet
nestled between two a helices. This domain is not related
to the HhH superfamily, but instead is topologically
similar to the conserved tandem repeat of the TATA-
binding protein [22]. The second domain is made up of
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Figure 1
Human uracil-DNA glycosylase (UDG) bound to DNA. The DNA is
shown as tubes colored by atom type: oxygen atoms in red, phosphorus
atoms in yellow, nitrogen atoms in blue and carbon atoms in green. (a)
Overall enzyme topology of UDG bound to DNA showing a flipped-out
and cleaved uracil base in the active site near the top of UDGs central,
four-stranded, b sheet (orange). Several key UDG a helices (purple)
direct their positive dipoles towards DNA phosphates and UDG loops
(pink) insert into DNA grooves to facilitate uracil nucleotide flipping. (This
figure was made in part using the program RIBBONS written by M
Carson as modified at Scripps). (b) Molecular surface of wild-type UDG
with DNA docked according to the UDG–DNA complex crystal structure
[6]. View is rotated ~90° from (a) looking down onto the UDG–DNA
interface. The UDG surface is colored by residue conservation based on
an amino acid sequence alignment of 13 known UDG sequences. The
degree of residue conservation is indicated by the color: dark blue being
completely conserved and white indicating nonconserved. The sidechain
of the highly conserved residue Leu272 (dark blue knobs, center)
occupies the hole in the DNA base stack left by the flipped-out
nucleotide. The highest degree of residue conservation is centered
around the Leu272 loop, uracil-binding pocket and active site.
seven a helices, and contains the conserved HhH motif.
The C-terminal domain is composed of four a helices, and
is separated from the second domain by a deep groove.
These latter two domains appear capable of a hinge-like
motion [22], and may clamp down on the substrate in a
manner similar to UDG [6]. Unlike EndoIII, AlkA does
not contain a [4Fe–4S] cluster in its smaller C-terminal
domain, however, the domain conformation is similar
(Figure 2). From mutagenesis data [22], sequence conser-
vation [23], and its hydrophobic environment, the cleft
between domains two and three is proposed to be the
active site. This cleft is rich in electron-donating aromatic
residues that may interact with an extrahelical, electron-
deficient, substrate base [22].
AlkA is a monofunctional glycosylase, and does not possess
lyase activity. All of the enzymes of the EndoIII HhH
superfamily maintain a conserved aspartate residue in the
cleft between the two a -helical domains (Figure 2). This
aspartate is central to catalysis in both monofunctional gly-
cosylases and the AP lyase/glycosylases. Although a lysine
on the HhH motif is strictly conserved among the AP
lyase/glycosylases, such as EndoIII, it is not maintained
among the pure glycosylases, suggesting that this lysine
residue determines pure glycosylase versus AP lyase/glyco-
sylase activity. This residue has been directly identified as
the catalytic amine within the AP lyases of the superfamily
[19,24]. As a pure glycosylase, AlkA has a tryptophan
(Figure 2b) in place of the determinant lysine. Lacking this
lysine, the AlkA aspartate instead deprotonates a water mol-
ecule, creating a hydroxyl nucleophile which attacks and
cleaves the glycosylic bond [22]. In AP lyase/glycosylases,
the equivalent aspartate deprotonates the e -NH3+ of the
conserved lysine, prompting it to attack the glycosylic bond,
thus forming a covalent enzyme–substrate intermediate
[25]. Once cleavage has occurred, the product of the AlkA
pure glycosylase reaction is an AP site, while the product of
the AP lyase/glycosylase reaction is an AP site with a 3¢
nick. These products are then processed by the next
enzyme in the BER pathway, 5¢ -AP endonuclease.
5¢-AP endonucleases
The 5¢ -AP endonucleases specifically recognize and process
abasic sites by cleaving the DNA phosphodiester back-
bone creating a deoxyribose 5¢ -phosphate and a 3¢ -hydroxyl
nucleotide to prime DNA repair synthesis. Exonuclease
III (ExoIII), the major 5 ¢ -AP endonuclease of E. coli,
consists of a four-layered a / b sandwich with unexpected
similarity to bovine pancreatic DNase I [26]. The newly
determined crystal structure of human 5 ¢ -AP endonucle-
ase (HAP1) shares this a / b -sandwich fold (Figure 3a),
with the divalent metal ion binding site and active site
located at one end of the two six-stranded b sheets [27].
These three Mg2+-dependent enzymes share a conserved
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Figure 2
The endonuclease III (EndoIII) helix-hairpin-
helix glycosylase superfamily. (a) The overall
topology of EndoIII illustrating the bilobal, two-
domain fold with the six a -helix barrel domain
(bottom) and [4Fe–4S] cluster domain (top).
The b hairpin of the conserved, nonspecific
DNA-binding helix-hairpin-helix (HhH) motif is
colored white. Sidechains for Asp138 and
Lys120 are shown with carbons colored
white, oxygens red and nitrogens blue. The
[4Fe–4S] cluster is shown as spheres with
iron colored purple and sulfur colored yellow.
(b) Overall topology of AlkA [22] in the same
orientation as EndoIII in (a). The six a -helix
barrel domain is located at the bottom and the
domain equivalent to the [4Fe–4S] cluster
domain is at the top; the N-terminal, mostly b
strand (orange arrows) domain that is unique
to AlkA is shown at the bottom right. The b -
hairpin loop of the HhH motif is colored white
with the remaining loops shown as pink tubes.
Sidechains for Asp238 and Trp218
(structurally equivalent to Lys120; see text)
are shown with carbons colored white,
oxygens in red and nitrogens in blue. The
catalytic lysine in the AP lyase/glycosylase
EndoIII is replaced by a tryptophan in the pure
glycosylase, AlkA. (This figure was made in
part using the program RIBBONS written by
M Carson as modified at Scripps).
aspartate–histidine pair that deprotonates a water mol-
ecule for nucleophilic attack on the DNA phosphate.
HAP1 has an additional 61-residue N-terminal domain,
containing the nuclear localization sequence, and which
regulates the DNA-binding activity of several transcrip-
tion factors in vitro through a ‘redox’ mechanism [28]; this
domain is not present in ExoIII or DNase I. The four-
layered a /b -sandwich fold may also be present in the
human retrotransposon L1 endonuclease [29], and thus a
structural family of DNA endonucleases represented by
the two existing AP endonuclease structures is emerging.
Human AP endonuclease
The crystal structure of HAP1 [27] provides an interpretive
basis for understanding both mutational and biochemical
results, and builds on the structural framework established
with ExoIII and DNase I. Both ExoIII and HAP1 share
extensive surface loops on their DNA-binding surfaces
(Figure 3a), that are not present in DNase I and which may
confer specificity for cleavage at abasic sites. Crystal struc-
tures of DNase I–DNA complexes [30,31] showed asym-
metric DNA binding, with the enzyme interacting mainly
with the DNA minor groove 5¢ of the active site. Little
interaction was observed between the DNA and the
regions corresponding to the HAP1/ExoIII loops. Model
building of a HAP1–DNA complex using the conserved 5¢
DNA minor groove interaction, places these surface loops
in the DNA minor and major grooves. HAP1 requires a
minimum of approximately four base pairs 5¢ and three
base pairs 3¢ of the AP site for catalysis to occur [32,33].
The target 5¢ AP-phosphate becomes hypersensitive to
cleavage by chemical agents [33] indicating the DNA is
distorted near the AP site. These data support the pro-
posed model [27] of HAP1 binding to an extrahelical abasic
site (Figure 3b). The HAP1 abasic sugar pocket contains
conserved hydrogen-bonding groups which are able to
interact with both the a - and b -anomers of an abasic site.
The role of the HAP1/ExoIII specific loops may be to
induce structural distortions that prompt the abasic site to
flip out. HAP1 then cleaves the DNA phosphodiester
backbone 5¢ to the abasic site leaving a free 3¢ -hydroxyl for
further processing.
DNA polymerase
BER has been reconstituted in vitro using both prokaryotic
and eukaryotic enzymes [4]. Because the 5¢ deoxyribose-5-
phosphate moiety (dRP) left behind by the 5¢ -AP endonu-
clease is poorly removed by the 5¢fi 3¢ exonuclease activity
of prokaryotic DNA polymerases, the first reconstitution
attempts included bacterial deoxyribophosphodiesterases
to cleave dRP out of the DNA [1]. Mammalian DNA
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Figure 3
Human 5¢ -AP endonuclease. (a) The overall topology of human 5¢ -AP
endonuclease illustrating the conserved four-layered a /b -sandwich fold
also seen in exonuclease III and DNase I. The two six-stranded b sheets
(gold) pack together to form the inner core which is flanked by the
outer two layers of a helices (purple). The active site is located at the
top of the b sandwich as indicated by the binding location of a divalent
metal ion (green sphere). Enzyme loop regions are colored pink. (This
figure was made in part using the program RIBBONS written by M
Carson as modified at Scripps). (b) Close-up view of the HAP1 pocket
surrounding the divalent metal ion (green sphere). The molecular
surface of HAP1 is colored according to electrostatic potential
(–3 kT/e, red to +3 kT/e, blue; calculated with no contribution from the
metal ion). A flipped-out abasic deoxyribose sugar, taken from the
crystal structure of a UDG–DNA complex [6] (grey tubes), with both 5¢ -
and 3¢ -phosphates is shown modeled into the pocket (sulfur atoms are
shown as yellow spheres and oxygen atoms as red spheres).
polymerase b (polb ), however, efficiently removes dRP
from the incised AP sites produced by the 5¢ -AP endonucle-
ases [5]. Crystal structures of rat polb [34–36], and of human
polb bound to DNA [7,37], show that the enzyme is com-
posed of finger, palm, and thumb subdomains similar to the
polymerase domains of the bacterial enzymes [38,39]. In
mammalian systems, polb functions specifically in BER in
vivo as the DNA repair polymerase [40].
DNA polymerase b bound to DNA
Crystal structures of human pol b bound to blunt-ended
[7], gapped, and nicked DNA [37] have provided engag-
ing views of this multifunctional enzyme. Pol b is made
up of two domains: an 8 kDa N-terminal domain respon-
sible for the deoxyribophosphodiesterase (dRPase) activ-
ity, and a 31 kDa C-terminal domain possessing DNA
polymerase activity. Both domains have HhH motifs
(Figure 4) that make nonsequence-specific contacts with
the DNA backbone and appear to bind metal ions [7,41].
Soaking crystals of human pol b complexed with blunt-
ended DNA into solutions containing dATP and Mn2+
results in nucleotidyl transfer to the primer 3¢ -hydroxyl
in the crystalline state [42], implying that the orientation
of the DNA is biologically relevant. This structural data
may show the progression of pol b activity. The 8 kDa
domain binds the nicked DNA which contains the AP
site, and cleaves out dRP using a b -elimination reaction
[5]. Pol b binds the gapped DNA in an ‘open-thumb con-
formation’, then binds dNTP and the thumb subdomain
rotates into the closed conformation, contacting the tem-
plate base pair. This conformational change initiated by
the thumb subdomain triggers other movements which
effectively construct the active site by bringing the cat-
alytic aspartate, dNTP, and template into position for
nucleotidyl transfer [37]. After transfer, the thumb sub-
domain reassumes the open conformation, facilitating
dissociation of the enzyme–product complex. The bound
DNA is kinked ~90° at the 5 ¢ -phosphodiester linkage of
the template residue, perhaps to enable error checking.
Parallel biochemical studies have shown that pol b
undergoes multiple conformational changes during cataly-
sis [43] that may reflect the changes seen in the crystal
structures. It will be exciting to define the commonali-
ties and differences between pol b and the rich structural
database of other polymerases [44–46]. Currently, these
conformational changes in human pol b imply that the
fidelity of polymerization is enhanced by an induced-fit
mechanism, leaving behind a properly base-paired nicked
segment of DNA as the product of the reaction [37].
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Figure 4
Human DNA polymerase b bound to gapped DNA. The molecular
topology of polb (Brookhaven PDB entry code 1BPY [37]) is shown
with a helices (blue coils), b strands (gold arrows) and loops (pink
tubes) overlaid by a transparent molecular surface. The coils
corresponding to the b -hairpin turns of the two observed helix-hairpin-
helix (HhH) motifs (see text) are colored white, and the HhH
associated sodium ions are shown as yellow spheres. The two HhH
motifs make close approaches to the DNA backbone interacting with
the phosphates in a nonsequence-specific manner.
Figure 5
Molecular surface of T7 DNA ligase showing residue conservation at
the proposed DNA interface. The surface is colored by residue identity
with human DNA ligase I (blue, conserved; white, nonconserved), and
illustrates the conservation of the active site from bacteriophage to
man. The bound ATP (green tubes, red oxygen atoms and yellow
phosphorus atoms) binds in a pocket of the N-terminal domain at the
interdomain cleft.
DNA ligase
DNA ligase seals the nick left behind by polb by forming
a bond between the 5¢ -phosphate-terminated donor strand
and a 3¢ -hydroxyl-terminated acceptor strand. The con-
served reaction pathway proceeds through enzyme–AMP
and DNA–AMP covalent intermediates [47], in a reaction
similar to that catalyzed by other members of the nucleo-
tidyl transferase family of enzymes, such as the GTP-
dependent messenger RNA (mRNA) capping enzymes
[48]. Both DNA ligase I and III have been implicated in
mammalian BER [9,49]. Although ligases from bacteria to
man vary greatly in size and sequence, ranging from ~40
kDa for the bacteriophage T7 enzyme to over 100 kDa for
human DNA ligases, they all share six conserved sequence
motifs [50]. All nucleotidyl transferase enzymes share a
Lys-X-Asp-Gly sequence containing the catalytic lysine
that forms the covalent intermediate with nucleotide via its
Ne group [50]. No mammalian DNA ligase structures are
known, but the recently determined crystal structure of
bacteriophage T7 DNA ligase includes the conserved
sequence motifs [51] and provides a first look at the struc-
tural basis of ATP-dependent DNA ligase activity.
T7 DNA ligase
The crystal structure of ATP-dependent DNA ligase from
bacteriophage T7 bound to ATP [51] shows this enzyme
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Figure 6
DNA base excision repair (BER) enzyme
family portrait. The four enzymes required for
BER in vitro flank the chemical structure of
their respective DNA substrates. Uracil-DNA
glycosylase (UDG) represents the
glycosylases which cleave the N–C1¢
glycosylic bond of damaged bases in DNA.
Human 5¢ -AP endonuclease (HAP1)
represents the second enzyme in the pathway,
which cleaves the sugar–phosphate
backbone 5¢ to the AP site left behind by the
glycosylase. DNA polymerase b (polb ) then
removes the sugar–phosphate and fills the
resulting gap. Finally, DNA ligase seals the
remaining nick, completing the repair. All
enzymes are shown as ribbon diagrams with
blue helices, pink loops and gold b strands.
DNA is shown as phosphate ribbons. The
target bond for the enzymatic activities (red
arrows) are indicated by the red X’s.
has two separate domains (Figure 5). Three b sheets
flanked by six a helices constitute the N-terminal domain
whereas the C-terminal domain is formed by a highly
twisted antiparallel b sheet with a single a helix running
along one edge. A noticeable positively charged groove
runs between the two domains, and noncovalently bound
ATP residing in a deep pocket of the N-terminal domain
implicates this groove as the DNA-binding site (Figure 5).
Five of the conserved sequence motifs line the ATP-
binding site (Figure 5), these motifs include the critical
lysine residue and other residues crucial to ligase activity
[51]. The recently determined crystal structure of a GTP-
dependent mRNA capping enzyme shows a similar N-ter-
minal nucleotide-binding domain [48]. This structure
reveals both open and closed conformations of the mRNA
capping enzyme and implies that DNA ligase may also
undergo a conformational change to form the lysine-
Ne –AMP intermediate followed by transfer of the AMP to
the DNA 5¢ -phosphate [48]. The DNA–adenylate inter-
mediate is then attacked by the 3¢ -hydroxyl, releasing
AMP and sealing the nick. Ligase thus completes the
repair initiated by the glycosylase removal of base damage.
Future perspectives
The crystallographic characterization of DNA BER enzymes
powerfully complements the biochemical and genetic
studies on this system to provide a portrait of their struc-
ture and function that has already changed the field. The
initial structural characterizations of BER enzymes dis-
cussed here, address long held questions in the field of
BER research and bring the chemistry of DNA repair into
three dimensions (Figure 6). Fundamental structural
principles are being distilled from the emerging families
of individual DNA repair enzymes. Recurring themes
center on binding to extrahelical targets and triggering
the coalescence of active-site residues into their catalyti-
cally competent conformations. Although it remains poorly
understood, nucleotide flipping is an elegant and attrac-
tive method to recognize DNA bases for repair, and may
prove to be a general mechanism for enzymatic access to
DNA. Key unanswered questions concern initial damage
detection, specific recognition and binding, formation of
enzyme–DNA complexes, interaction kinetics, and the
structural basis for individual enzyme specificity. It is
still unclear how members of the EndoIII superfamily,
5 ¢ -AP endonucleases, and DNA ligases recognize their
diverse substrates. Exciting developments in the poly-
merase field may reconcile different mechanistic interpre-
tations [44,52,53]. Except for the initial glycosylase, all of
the mammalian BER enzymes are known to interact with
each other, and are likely to associate into a multiprotein
‘repairosome’-type complex [3,8–10]. The nature of this
complex, and the interplay of its components, is poorly
understood yet may be crucial to the understanding of
mammalian BER. In addition, a second pathway for BER
involving flap endonuclease (FEN-1), proliferating cell
nuclear antigen (PCNA), and polymerases d and e has
been identified [11], and remains structurally uncharacter-
ized. Coupled structural and biochemical characterization
of more prokaryotic and eukaryotic DNA repair enzymes
and their substrate complexes will completely decipher
the structural and mechanistic details governing the
essential process of DNA BER.
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